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ABSTRACT
INVESTIGATING THE GENETIC BASIS OF AND PLASTICITY IN
ECOLOGICALLY RELEVANT PHENOTYPES IN AFRICAN CICHLIDS
MAY 2019
DINA NAVON, B.A., CLARK UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor R. Craig Albertson

Understanding the generation of phenotypic variation by linking it to genetic variation
has long been a focus of evolutionary biology; this framework has successfully been
implemented in a variety of studies across the tree of life1,2. However, our understanding
of the phenotype remains incomplete until we account for a myriad of interactions that
influence the genotype-phenotype map, including interactions between traits (TxT),
interactions between genes and the environment (GxE), as well as the ways in which
various types of interactions are nested within and build upon one another (e.g.,
(TxT)xG). My dissertation aims to contribute to filling this gap by dissecting the
interactions that influence variation in ecologically-relevant phenotypes in a model
adaptive radiation: African cichlid fish. We utilize a stereotypical ecomorphological axis
of variation, in which benthic fish scrape and bite prey off the rocky substrate while
pelagic fish suction prey out of the water column3. Chapter 1 focuses predominantly on
understanding the genetics that underlie variation across disparate anatomical units which
relate to both the feeding and locomotive systems in these fish (i.e. a [[TxT]xG]
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interaction). We found that the genotype–phenotype map for fin shape is largely distinct
from other morphological characters including body and craniofacial shape. These data
suggest that key aspects of fin, body and jaw shape are genetically modular and that the
coordinated evolution of these traits in cichlids is more likely due to common selective
pressures than to pleiotropy or linkage. Chapter 2 dissects the genetics underlying those
same anatomical units across environments, representing a more complex model of
putative interactions (i.e. [[[TxT]xG]xE]). In more specific terms, this chapter aims to
understand the genetic basis of phenotypic plasticity, We found a substantial degree of
modularity in the plastic responses at both the morphological and genetic levels. In all,
our data provide minimal support for the existence of global regulators of plasticity, serve
as an important step toward further characterizing the genetic basis of plasticity in
cichlids, and provide a list of candidate loci for future functional analyses. Chapter 3
delves more into a specific GxE interaction in craniofacial morphology, and for the first
time in a vertebrate system tests the functional capacity of a signal transduction pathway
to mediate the magnitude of a plastic response. We verify important roles for Hh
signaling in this response, thus filling important gaps in the field. Together, my
dissertation demonstrates how a broadly integrative approach to evolutionary biology can
allow us to layer multiple lines of empirical evidence onto strong theoretical frameworks
and further generate insights into the production and maintenance of real-world variation.
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INTRODUCTION
Since the Modern Synthesis married Darwinian evolution via natural selection to
Mendelian patterns of inheritance, evolutionary biology has focused its attention heavily
(almost exclusively) on understanding how the genotype produces the phenotype1,2,4–15 .
Biologists have successfully used this framework to make sense of diseases2,6,7,11,13,16 and
adaptations1,4,5,8,12,14,15 across the tree of life, furthering our understanding of global,
regional, and taxonomic patterns of biodiversity and contributing to our ability to
effectively diagnose, prevent, and treat genetic disease. In fact, there is even a database
detailing the various genetic associations to the phenotype described in the literature17.
However, our understanding of the phenotype is necessarily incomplete, because until
recently we have mainly focused on the importance of various types of interactions in
isolation, including interactions between genes (GxG, i.e. epistasis), interactions between
traits (TxT, i.e. integration), and interactions between genes and the environment (GxE,
i.e plasticity). While those interactions are clearly important on their own, we’ve yet to
integrate them into a common framework. My dissertation will contribute to filling this
gap by understanding how several important interactions build on one another to
influence the evolution of ecologically relevant phenotypes in a highly speciose adaptive
radiation.
The cichlid fish of the African rift lakes provide a remarkable and valuable
system for studying evolution. This adaptive radiation exhibits both diversity, consisting
of over three thousand distinct species, and disparity, providing a stunning display of
phenotypic variation that includes trophic adaptations and striking color patterns. Cichlid
species diverged recently, within the last two million years for the Malawi radiation18.
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Sexual selection drives differences in color patterns, which in turn allows for mate
recognition, a key factor in the maintenance of distinct species in the wild, given that
hybridization is biologically possible and potentially spurs speciation19. The fact that
cichlid species hybridize readily in the lab permits the use of carefully designed genetic
mapping crosses to investigate the genetic mechanisms influencing salient traits20–24.
Using cichlids, we are uniquely able to leverage a vast body of ecological,
morphological, and behavioral descriptive field studies in addition to modern genetic
laboratory techniques in order to answer key questions about the role of interactions
during the evolution of diversity.
The phenotypic disparity found in cichlids is concentrated along a stereotypical
axis of variation found in many teleost clades3. This axis, composed of ecological,
behavioral, and morphological variables, is defined by extreme benthic and extreme
pelagic populations. Benthic habitats include the nutrient- and prey- rich bottom
substratum of the lake. Pelagic fish primarily live in the open water column. These
different types of surroundings provide different challenges for the fish that subsist within
them, because the mode of feeding that is most appropriate to each environment differs
considerably. Benthic feeders forage in the benthos; they scrape, pluck, graze, and root
through the substrate to find algae or invertebrates that live there. In order to do so
efficiently, they must be able to counteract water turbulence and remain relatively
stationary; visually locate their prey, which is most often below them; and secure that
prey from above. Benthic cichlids primarily scrape or pluck algae from the benthos,
although there are many variations on this theme within the cichlid adaptive radiation.
Pelagic fish, on the other hand, forage on drifting algae or active prey in the water
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column. They are often suction or ram feeders, and rely on vision, acceleration and
maneuverability for their survival. The benthopelagic axis is a complicated one, in which
some fish group on one extreme or the other, others fall in the middle, and still others can
switch between feeding modes depending on the current conditions in their habitat (that
is, they are behaviorally and even morphologically plastic). This complexity, which is
fully reflected in the Lake Malawi cichlid radiation, will allow us to probe both the
interaction between suites of traits which must act in a coordinated manner in all habitats
as well as the complicated interplay between environment and genetics in the generation
of various phenotypes.
Beyond the ecological differences described above, benthic fish also differ
morphologically from pelagic fish in consistent, predictable ways3. Benthic stickleback,
charr, sunfish, and cichlids share certain features, just as pelagic members of the same
taxa share certain attributes, even across vast evolutionary differences. For example,
benthic fish typically exhibit short, powerful jaws. Their eyes are small relative to their
body size, and are positioned lower in the face. Pelagic fish jaws tend to be longer and
more gracile. Their eyes are often larger and positioned more centrally on their heads.
These trophic adaptations are not the only differences highlighted by this axis of
variation, though they are often the most obvious. Post-cranial morphological variation is
also stereotypical along this axis. Benthic fish tend to have deeper, more robust bodies
and fins than their more slender, torpedo-shaped pelagic counterparts.
Much of the disparity between cichlids is thought to occur in craniofacial
variation or in sexually selected color patterns, due to the importance of feeding and
sexual selection in this adaptive radiation25–28. We propose that the cichlid locomotive
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system is likely to exhibit significant variation as well due to differential swimming
demands placed on the fish by different diets, as described above. Disparity in the
locomotive system here includes differences in the size, shape, and placement of paired
and unpaired fins as well as changes to body size and shape. Cichlids are labriform
swimmers; that is, they mainly rely on the oscillation of their pectoral fins in order to
generate thrust29; therefore, it seems reasonable to suppose that the locomotive system in
general, and the pectoral fins in particular, may be different between benthic and pelagic
cichlids.
The ecological/functional relevance of benthopelagic morphological differences
has been well-characterized, particularly for aspects of craniofacial morphology.
Variation in craniofacial morphology has been documented to have a measurable effect
on aspects of feeding efficiency, thereby impacting fish performance30–34. In addition,
Hulsey and colleagues35 found a significant association between cichlid pectoral fin
muscle mass and phylogenetically independent shifts to a benthic habitat, suggesting a
potential adaptive significance of differences in pectoral fin musculature. Aspects of
post-cranial morphology, like body and fin shape, are thought to influence performance
by mediating swimming ability and maneuverability36–38. For example, variation in
pectoral fin shape has been linked to differences in propulsion and swimming speed
among fishes39,40. It was noted further that slower swimming fish tended to remain closer
to the substrate while faster swimmers usually dominated the water column, mimicking
benthopelagic habitat variation40. Locomotion and feeding are inextricably linked via
feeding performance in fishes, which has led to calls for more integrative views of the
trophic and locomotive systems when studying organismal biodiversity41. Given these
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different ecological contexts, which require different trophic and locomotive behaviors,
and which are further associated with different morphologies that are consistent within
habitats across taxa, I propose that cichlids provide a useful system for dissecting the
interactions between traits, environments, and genotypes.
Understanding the mechanisms by which biodiversity is generated and maintained
remains a central goal of evolutionary biology; however, the current framework in the
field, which focuses predominantly on the role of the genotype in creating the phenotype,
is insufficient to fully explain the breadth of diversity across the tree of life. Indeed,
recent years have seen a call for an extended synthesis that would enhance this
framework and therefore its explanatory and predictive capabilities by integrating data
from fields that were outside of the scope of the Modern Synthesis42,43. Most calls are for
a more systems-level approach to studying evolutionary processing, including the roles
for interactions within and across biological levels of organization in promoting
biodiversity. My dissertation focuses on two types of interactions that are likely
important to the manifestation of phenotypic variation – trait by trait (TxT) and genotype
by environment (GxE) – and will seek to understand the ways in which those interactions
complement and build on one another to generate phenotypic diversity. My dissertation
begins with the observation that teleost locomotor and trophic anatomy are integrated at
the functional (e.g., common impact on feeding performance)41 and evolutionary (e.g.,
they tend to evolve together) levels, and seeks to explore whether these associations
between anatomical units are evident at the genetic level (e.g., (TxT)xG). I hypothesize
that the evolutionary associations between anatomically distinct, but functionally
integrated phenotypes may arise due to shared genetic control of those traits. If so, I
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predict a tightly shared genetic architecture between these suites of traits, which may help
to explain the rapid, repeated, and tightly correlated evolution of these traits. If not, and
evolution must act upon a more modular genetic architecture, it would speak to the
importance of the TxT interaction and thus the strength of the selective pressure(s) to
maintain it by acting upon multiple genes simultaneously. It would also suggest that this
interaction remains highly evolvable, with the ability to explore a much broader swath of
the morphospace than is currently seen in nature, should selective pressures change. In
order to assess the genetic basis of this interaction, I will first probe the genetic
architecture underlying variation in the cichlid locomotive system, which is currently
unknown, and compare it to existing genetic data on the trophic apparatus.
Chapter 2 will layer the environment onto our network of interactions (e.g.,
((TxT)xG)xE), and explore how these more complicated models may influence cichlid
trophic and locomotive evolution. Plasticity, or the ability of a single genotype to give
rise to multiple phenotypes under different environmental conditions, allows the
environment to shape phenotypes during development. It’s long been hypothesized that
ancestral plasticity can shape evolutionary trajectories via the “flexible stem” model of
evolution44–47. The flexible stem model suggests that a plastic ancestor can give rise to
descendant taxa that have evolved along the axis of variation set up by the plastic
response and which may evolve to lose the ability to constitutively express phenotypes
along this axis. Direct support for this model of evolution is contingent upon observing
patterns of plasticity in the ancestral species; this evidence is often impossible to provide
as the ancestor is frequently extinct (but see Wund and colleages47). In the absence of
this evidence, we can look for signatures of evolution that are consistent with the flexible
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stem model. These signatures include the maintenance of a common axis of
morphological variation which holds whether looking across taxa at evolutionary
timescales or within a taxon’s individual plastic response, as well as evidence that
selection has shaped both the morphology and the pattern and degree of plasticity. In
order for evolution on plasticity to occur, plasticity itself must be heritable – as
demonstrated by Scheiner & Lyman48,49 – and therefore the capacity to respond
plastically must be determined, at least in part, at the genetic level. However, little is
known about the genetic architecture underlying the evolution of plastic responses,
particularly in vertebrates50, which represents a major gap in our understanding of this
capability and its role in evolution. Cichlids can exhibit significant morphological
plasticity in response to different diet regimes in craniofacial traits; though different
populations vary with respect to their ability to initiate this plastic response51. This
system therefore could prove fruitful for delving into the genetic basis of plasticity across
anatomical units. Specifically, I will ask the following questions in Chapter 2 with
regards to cichlid benthopelagic plasticity:
1. Can we induce a similar plastic response to diet in post-cranial morphologies?
2. To what extent do different character sets (e.g., cranial and post-cranial) covary
across diets?
3. To what extent do different character sets (e.g., cranial and post-cranial) share a
common genetic basis across diets?
My hypothesis is that the coordination of the plastic response across anatomical units in
the wild is underlain by global regulators of plasticity in the genome. If true, and
plasticity in different anatomical units maps to the same region(s) of the genome, then
7

this would provide a genetic explanation for long-standing ecological observations. If
false, and plasticity loci for distinct anatomies are more randomly distributed across the
genome, then it would suggest that plasticity has the capacity to evolve in more complex
ways, with different regions of the organism evolving more or less plasticity independent
of other regions.
Our lab has recently proposed that ptch1, a key receptor of the hedgehog (Hh)
pathway, is a candidate gene underlying the craniofacial plastic response in cichlids52,53.
The goal of Chapter 3 is to test this assertion. Specifically, our hypothesis is that the Hh
pathway mediates sensitivity of the craniofacial skeleton to response to a benthopelagic
diet. The Hh pathway is well known in mediating bone development53,54, and has also
been implicated in evolved differences between cichlids with alternate jaw shapes55,56. If
ptch1 and/or the Hh pathway were found to underlie both genetic divergence and
plasticity of the cichlid feeding apparatus, it would provide some of the first molecular
support for the flexible stem theory of adaptive radiations45.
Taken together, my dissertation aims to bring a more holistic perspective to the
evolution of benthopelagic diversity in cichlid fishes, and represents a systems approach
to understanding the myriad factors and interactions that produce and shape adaptive
phenotypic variation.
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CHAPTER 1
GENETIC AND DEVELOPMENTAL BASIS FOR POST-CRANIAL VARIATION
IN AFRICAN CICHLID FISHES
Introduction
African cichlids exhibit unparalleled morphological diversity, and their
evolutionary history is characterized by rapid and repeated diversification along a
benthopelagic axis. This axis is composed of ecological, behavioral, and morphological
variables and is generally conserved across a wide range of fish taxa, including charr,
stickleback, and sunfish3. Benthic species generally forage along the substrate with
biting, scraping, plucking, or crushing modes of feeding. Pelagic species, on the other
hand, hunt for small and/or elusive prey, often within the water column, using suction or
ram feeding. These behavioral differences correlate with consistent and predictable
changes to the head/trophic structures, fins, and body shape.
Benthic fish tend to have deep, sharply sloping heads with short jaws while
pelagic fish often exhibit narrow, gently sloping heads with extendable jaws (arctic
charr57–59, stickleback60–62, cichlids3,21, coral reef fishes63,64, sunfishes32, icefish65). These
differences have measurable effects on aspects of feeding efficiency and therefore impact
performance30–34 . Though the benthopelagic literature focuses primarily on various
aspects of craniofacial variation, body and fin shape exhibit predictable variation along
this axis as well.
Benthic fish typically develop deeper bodies and wider pectoral and pelvic fins
than pelagic fish57,61,65,66. Hulsey and colleagues35 found a significant association
between cichlid pectoral fin muscle mass and phylogenetic shifts to a benthic habitat,
suggesting a potential adaptive significance of pectoral fin musculature. Body and fin
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shape, like craniofacial diversity, are thought to influence performance by mediating
swimming ability and maneuverability36–38. For example, variation in pectoral fin shape
has been linked to differences in propulsion and swimming speed among fishes39,40. It
was noted further that slower swimming fish tended to remain closer to the substrate
while faster swimmers usually dominated the water column, mimicking benthopelagic
habitat variation40. Importantly, while divergence along this ecological axis is typically
studied in extreme forms, micro-habitat divergence in foraging niche involves similar
shifts in eco-morphology3,35,67.
Here we examined the genetic and developmental basis for variation in Lake
Malawi cichlid fin shape. Our ultimate goal is to gain insights into the proximate
molecular mechanisms that precipitate ecologically relevant morphological variation in
this trait. An additional goal is to compare the genetic architecture of fin shape to that of
other foraging related traits, specifically body and head morphology. Locomotion and
feeding are inextricably linked with respect to performance in fishes, which has led to
calls to be more integrative in the study of organismal biodiversity41. Indeed, recalling
Dobzhansky68, these authors suggest, “nothing in fish feeding makes sense except in the
light of integration” 41. While we know that shifts in habitat lead to coordinated,
predictable changes to the trophic structures, fins, and body shape in cichlids, less is
known about the genetic and developmental mechanisms that underlie these coordinated
changes. We will determine whether the consistency of coordinated changes in response
to dietary shifts can be partially explained by shared genetic architectures. If these three
suites of traits share a common genetic architecture, it would provide an explanation for
the rapid and iterative divergence along this axis in teleost lineages. Alternatively, if
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these traits show non-overlapping genetic architectures, then a common selective axis
likely underlies the common phenotypic responses. To accomplish these two goals, we
first probe the genetic architecture of three functionally related suites of traits using a
quantitative trait loci (QTL) mapping approach, assessing the extent to which they are
integrated at the genetic level. We next utilize comparative genomic data to fine-map
two discrete QTL for pectoral fin variation. This analysis implicated the Wnt signaling
pathway, which we verified using comparative and experimental embryology. In all,
these data combine to provide insights into how discrete anatomical units may evolve to
promote ecomorphological diversity.

Materials and Methods
In order to investigate the genetic architecture of functionally integrated traits, we
utilized a genetic cross between two benthic cichlid species, Labeotropheus fuelleborni
(LF) and Tropheops sp. "red cheek” (TRC). LF is an obligate algal scraper with an
extreme benthic morphology3. TRC uses a bite-and-twist mode of feeding to crop
filamentous algae off the rocky substrate. Compared to LF, TRC will also forage with a
sucking/shifting mode, is a member of a more ecologically diverse species complex, and
possesses a more pelagic phenotype (e.g., longer head, more shallow body)3,51,67. We also
used a third species, Maylandia zebra (MZ), to complement our cross. MZ is a true
generalist feeder that forages by combing loose algae from rocky substrata as well as by
suctioning plankton from the water column. It exhibits a relatively long head and shallow
body like TRC.
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Fish Husbandry
All fish were lab-reared in 10-gallon glass aquaria for 1-2 months, and then
moved to 40-gallon glass tanks. Fish were fed store-bought flake food containing a
mixture of spirulina algae and egg yolk. Fish room temperature was maintained at a
range between ~27-29 ˚C. Fish were reared to adult stages, between 1-2 years and 6-9 cm
(mean = 7 cm).

Morphological analyses
All fish were humanely sacrificed by prolonged exposure to MS-222 in ice water
following the University of Massachusetts IACUC protocol 2013-0101. Geometric
morphometrics were used in tandem with traditional morphometrics to quantify variation
between species and across F2 individuals of the mapping population. Figure 1 provides
the landmarks used to describe each of the three suites of traits. All landmarking was
performed in TPSDig69. Some landmarks in the body shape analysis overlapped with
those from the initial craniofacial analysis; however, we attempted to minimize overlap
and emphasize new aspects of shape variation, such as eye placement on the head (Figure
1A and C). Fins were dissected to reveal the underlying musculature; landmarks were
placed to assess the origin and insertion of the most superficial muscle, the abductor
superficialis (ABS), on the pectoral girdle (Figure 1B). In addition, we counted the
number of bony fin rays (FR) that underlie the pectoral fin pad (first three FRs are
highlighted in Figure 1B). We also extracted two linear measures, the width of the ABS
origin and the length of the ABS from origin to insertion, from our morphometric data on
fin musculature. Finally, we measured body depth as defined by the distance from the
anterior dorsal fin insertion to the pelvic fin insertion. We measured these traits in the
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268 F2 hybrid individuals that were used in the construction of the genetic map, as well as
in wild-caught or F1 laboratory-reared LF, TRC, and MZ individuals. We extracted
hybrid PC-scores along the major shape axes from the geometric morphometric analyses.
All PC-scores were size standardized using independently measured standard length
values. Body depth, ABS origin width, and ABS length were also size standardized
using standard length. All morphometric analyses were performed using the geomorph
package in R (R Core Team 2013) 70.

Genotypic analyses
A single LF female was crossed to a single TRC male, creating a single F1 family,
which was subsequently incrossed to produce a F2 hybrid mapping population. SNPs
were identified across 268 F2 as well as 20 wild-caught LF from Makanjila Point and 20
wild-caught TRC from Chizumulu Island using restriction site–associated DNA
sequencing (RAD-seq71). Bowtie72 was used to align reads to the reference cichlid
sequence (Metriaclima zebra v.0), and SAMtools was used for SNP calling. In total,
42,724 SNPs were identified with a median sequencing depth of 33x across individuals.
These data were then filtered by FST values to include loci showing high differentiation
between natural populations of LF and TRC (i.e., FST > 0.57, an empirical threshold for
divergence between cichlid genera, Mims et al. 2010), as well as deviations from
Mendelian segregation in the F2. This stringently filtered marker data set resulted in1395
SNPs for linkage map construction. Linkage map construction followed methods
contained within the R/qtl package73,74, and is described in detail in Albertson and
colleague’s 2014 paper75. The resulting map contained 946 loci across 24 linkage groups
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(between 13-76 loci per group), spanning 1453.3 cM. Linkage groups were numbered
according to Lee and colleagues76.
Separate QTL analyses were run in R/qtl using size-standardized scores from each
major shape (i.e., PC) axis, size-standardized linear measures, and discrete traits.
Methods followed Broman & Sen74 and Arends and colleagues77. First, we identified
putatively significant QTL via standard interval mapping. QTL models were then verified
using maximum likelihood-based backward elimination (i.e., to identify co-factors) and
permutation tests (i.e., 500 permutations to estimate significance at the 95% and 90%
genome-wide levels). QTL intervals were defined using the bayesint function in R/qtl.
Because our linkage map was anchored to the cichlid genome, we were able to search for
putative candidate genes within intervals using the Cambridge cichlid genome browser
(http://em-x1.gurdon.cam.ac.uk/). To narrow the list of candidates within each interval,
we focused on genes associated with SNPs that exhibited divergent FST values between
natural populations of LF and TRC (a complete list of these SNPs can be found here75). A
list of divergent SNPs within QTL for fin ray (FR) number and their associated genes is
provided in Table 1. We focused on wnt7aa and col1a1 for subsequent expression and
manipulation analyses.

Gene expression study
We used whole-mount in situ hybridization (WISH) to determine the pattern of
candidate gene expression across developmental stages in LF, MZ, and TRC. We
performed WISH in embryos at 5-11 days post fertilization (dpf) using a modified
version of protocols in Sagerstrom and colleagues78 and Thisse and colleagues79. Primers
(all listed 5’->3’) used to generate probes were:
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Wnt7aaF: GCAAGGTGCTGGAGAAGAAC
Wnt7aaR: AGTCGCATATGTCGGGCTACA
Col1a1F: GCGGTGAGTACTGGATTGGT
Col1a1R: CCTCGGCTCTGATCTCAATC
Following WISH, pectoral fin tissue was dissected off the whole embryos, flat mounted,
and imaged with a Leica DFC 450C digital camera mounted to a Leica M165 FC
stereomicroscope. In order to verify Wnt pathway activity in developing pectoral fins,
we also assessed expression patterns of lef1, a downstream target of the Wnt pathway80,
in 6 and 8 dpf MZ embryos. The primers used for this probe were:
Lef1F: AGGAAGCCGCAGCACGAG
Lef1R: GCCGATTCCTGCATCTTCTCCC

Wnt modulation
Based on our genetic mapping and gene expression analyses, Wnt signaling and
bone development/patterning were implicated in mediating species differences in fin ray
number. To test this prediction we compared FR development in our three study species,
and experimentally modulated Wnt expression in cichlids during a key window in FR
development. LiCl is a known Wnt agonist81, and IWR is a known antagonist82. Both
molecules have been successfully used to modulate this pathway during cichlid
craniofacial51,83, tooth84, taste bud85, and brain development86,87. Here, we randomly split
several 8 dpf MZ, LF, and TRC broods and treated them with either 250 mM LiCl (n=27,
11, 6), 250 M IWR (n=13, 9, 6), or DMSO carrier control (n=11, 4,4). An untreated
control (n=33, 6, 7) group was also examined. Animals were treated with each compound
for 72 hrs (i.e., 8-11 dpf) and then immediately cleared and stained for bone (alizarin red)

15

and cartilage (alcian blue). We performed one-way student’s t-tests in R to determine
whether the differences in average FR number in each treatment group were significantly
different from the carrier control group. We additionally performed lef1 WISH on some
of the treated MZ embryos to verify that small molecule manipulation resulted in
perturbed Wnt activity.

Results
Morphological analyses
The parental species showed significant variation in fin traits. For example,
juvenile (i.e., 26 dpf) LF consistently exhibited fifteen FRs (n=18) while TRC
consistently exhibited fourteen (n=20) FRs (Figure 2A, B). MZ showed fourteen FRs
(n=12) (Figure 2C). The abductor superficialis (ABS) muscles in LF tended to be wider
along both the origin and insertion when compared to TRC (Figure 2D insets). LF ABS
also tended to be shorter between the origin and insertion than TRC, which showed
relatively longer fin muscles. These two species segregated relatively well along PC1
and 2 of our fin musculature geometric morphometric analysis (Figure 2D).
The LF x TRC F2 hybrids demonstrated considerable variation in fin, body and
craniofacial shape. Craniofacial variation was quantified58 and mapped88 in this
population previously. For fins, the number of FRs varied from fourteen (32% of the F2)
to fifteen (68%), which is consistent with dominance of high FR number alleles. A
separate PCA was performed for the hybrids to describe geometric variation in fin shape.
PC1 (31.7% variance explained) largely described variation in the shape of the ABS
muscles (Figure 3). Individuals with positive PC1 scores possessed on average ABS
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musculature that was rectangular shaped, with a relatively shallow origin and deep
insertion. Animals with negative PC1 scores possessed ABS muscles that were more
triangular shaped, with deep origins and shallow insertions. Shape differences along PC2
(22.4%) involved mainly the height to the hypercoracoid bone relative to the ABS
musculature (Figure 3). Positive PC2 scores were associated with a shallow
hypercoracoid bone, whereas negative scores were associated with a deeper bone. PC3
(16.9%) described variation in the overall length of the abductor muscles of the pectoral
fin, with positive scores associated with longer muscles and relatively narrow insertion of
the ABS compared to individuals with negative scores (Figure 3). In terms of overall
body shape variation, PC1 (19.7% variance explained) described variation in the position
of the mouth on the head (high vs low), length of the preorbital region of the skull, and
length of the caudal peduncle region of the body (Figure 4). PC2 (17.5%) captured
variation in craniofacial profile, with positive scores associated with a steep craniofacial
profile and ventrally directed jaws, and negative scores associated with shallow profiles
and horizontally directed jaws (Figure 4). In addition, PC2 captured aspects of fin
morphology, with positive scores associated with a wider pectoral fin base relative to fish
with negative PC2 scores. PC3 (12.4%) mainly involved variation in body depth and the
position of the anterior insertion of the dorsal fin (Figure 4). Fish with positive PC3
scores had more shallow bodies and dorsal fins that inserted more posteriorly compared
to fish with negative PC3 scores.

QTL analyses
To assess the degree of trait integration at the genetic level we next performed and
compared a series of QTL analyses. Genetic mapping of craniofacial variation in these
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hybrids was performed previously88. In addition, we identified 13 loci that were
significantly associated with fin and body shape variation (Table 2). LOD scores for
these loci ranged from 2.9 to 5.0, and explained anywhere from 5.2-8.7% of the variance
in the phenotypic data (Table 2). Our highest LOD scores and percentages of variance
explained were for discrete traits – i.e., body depth and the number of pectoral FRs
(Table 2). In order to visualize the extent of overlap between QTL that underlie different
suites of traits, we placed all significant (at the 95% genome-wide level) and suggestive
(at the 90% genome-wide level) QTL on a single schematic of the cichlid linkage map
(Figure 5). We found minimal overlap of QTL intervals, suggesting these traits have
largely distinct genetic architectures. Of a total of 25 QTL for all traits, we found only 3
instances of overlapping QTL intervals between different suites of traits. One on LG4
involved overlap between fin, body, and craniofacial QTL. The other two both involved
the body QTL on LG19, which overlapped with a craniofacial QTL and a fin QTL.

Fine mapping fin QTL with population genomic data
We wanted to further investigate the QTL associated with variation in the number
of FRs, as the genetic basis for fin morphology, especially variation in FR number, is
poorly understood. Moreover, these two loci had relatively high LOD scores and
explained a relatively high amount of the variation underlying this trait. The allele
effects at each of the two loci on LGs 8 and 20 are in the expected direction, with LF
alleles increasing FR number and TRC alleles decreasing FR number (Figure 6). This
trend is consistent with FR number being under divergent selection20. The LF allele also
exhibited dominance to the TRC allele, which is consistent with the observation of
proportionally more (i.e., >2/3) F2 exhibiting 15 FRs. Since our linkage map was
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anchored to the Lake Malawi cichlid genome, we were able to examine genetic variation
within these QTL intervals to find potential candidate genes (Figure 5, Table 1). To do
so, we took advantage of an FST dataset derived from genome scans in LF and TRC from
natural populations51, and identified wnt7aa and col1a1 as robust candidates (Figure 7).
Wnt7aa is between 4.512-4.522Mb on scaffold 12, which maps to the QTL on LG 20,
and a SNP at 4.470Mb is fixed for alternate alleles between LF and TRC (i.e., FST = 1.0).
Col1a1 is at 2.556-2.564Mb on scaffold 47, which maps to the QTL on LG 8, and a SNP
at 2.659Mb is divergent between LF and TRC (i.e., FST = .7). Wnt signaling plays
critical roles throughout limb development89, as well as during bone differentiation54.
Col1a1 codes for a type 1 collagen protein, and is a well-studied bone cell differentiation
marker. This gene is expressed in developing zebrafish fin folds90, and is upregulated
upon fin amputation in zebrafish91. We therefore considered these genes to be strong
candidates for modulating variation in cichlid FR number.

Gene expression study
In order to determine whether these genes are expressed during cichlid fin
development, we performed in situ hybridization on cichlid embryos at different stages
(Figure 8). We found no wnt7aa expression in the fins prior to 6 dpf or after 10 dpf (not
shown), whereas discrete punctate wnt7aa expression was observed in the developing
fins of LF at both 6 and 8 dpf. Specifically, nodes of expression were present close to the
dorsal edge of the fin fold at 6 dpf (Figure 8D), and expanded ventrally by 8 dpf (Figure
8E). Nodes of expression were strongest along the distal edge of the fin fold, but
extended proximally toward the girdle, and foreshadowed the developing FRs. This
dorsal to ventral (D to V) wave of wnt7aa expression during fin development is
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consistent with the D to V pattern of FR development in the pectoral fin (Figure 8A-C).
Notably, while strong wnt7aa expression was observed in the central nervous system of
MZ and TRC (not shown), this gene was not expressed in the fin folds of MZ or TRC at
any stage of development (Figure 8H, I, L, M). This observation suggests that wnt7aa
expression was co-opted during FR specification in LF. While wnt7aa was not expressed
in the fins of MZ or TRC, the Wnt target lef1 was (e.g., Figure 9), and its expression
followed a similar punctate pattern reminiscent of wnt7aa. These data suggesting that the
Wnt pathway is active during fin development in MZ and TRC, even if wnt7aa is not.
We observed a continuous band of expression of col1a1 along the proximal edge
of the pectoral fin in all three species at 6 dpf (Figure 8F, J, N), followed by more
punctate expression at 8 dpf (Figure 8G, K, O). Col1a1 expression followed a similar D
to V pattern as wnt7aa, where by 8 dpf nodes of expression towards the dorsal edge of
the fin fold were clearly defined and foreshadowed FR development, whereas expression
along the ventral edge was continuous. At 8 dpf, LF showed a greater number of
discrete nodes of col1a1 expression than MZ or TRC (Figure 8G vs. K and O), which
suggests that FR development in this species is accelerated.

Wnt modulation
The localization of wnt7aa and lef1 in the developing fins suggests that the Wnt
signaling pathway is involved in regulating FR number. To test this hypothesis, we misexpressed the Wnt pathway during fin development (i.e., 8-11 dpf) using small
molecules. First, we upregulated Wnt signaling in MZ with LiCl, and found that treated
animals developed significantly more pectoral FRs than their control siblings (Figure
10A and B, p-value < 0.01, n = 27 LiCl fish, n = 24 control fish). The number of FRs in
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the LiCl group ranged from 12 to 16, while the number of FRs for the control siblings
ranged from 11 to 14. Thus, Wnt signaling is sufficient to expand pectoral FR
development. Next, we blocked Wnt signaling with the small molecule antagonist, IWR,
and found that treated animals exhibited fewer FRs than their control siblings (Figure
10A and C, p-value < .001, n = 13 IWR fish, n = 9 control fish). The number of FRs in
the IWR treatment group ranged from 8 to 13. We also mis-expressed Wnt signaling in
both TRC and LF embryos and found similar patterns as in MZ (Figure 10). We verified
that Wnt signaling was being modulated in MZ pectoral fins by performing WISH using
the lef1probe on a subset of treated and control larvae (Figure 11). IWR treatment
resulted in a reduction in lef1 expression, especially in the craniofacial region and caudal
fin (Figure 11C). Alternatively, LiCl treatment resulted in an expansion of lef1
expression, which is especially obvious in the caudal fin (Figure 11A). In addition,
altered lef1 expression in the pectoral fin upon Wnt manipulation foreshadows
differences in FR numbers (Figure 11A’-C’). Thus, our data suggest that Wnt signaling
is necessary to maintain proper FR development in cichlids.

Discussion
Genetic insights and hypotheses
Key aspects of cichlid craniofacial, fin and body shape are broadly associated
with foraging mode, and often evolve in a coordinated fashion as species diverge in niche
space3,35,92. This consistent response could be explained by a common selective axis
leading to the functional integration between locomotion and prey-capture traits during
fish feeding41. Alternatively, pleiotropy might play a role whereby a single locus
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mediates the development of functionally related characters56. It is also possible that a
combination of factors (e.g., selection and pleiotropy) underlies the coordinated evolution
of these traits. As a step toward disentangling these alternate hypotheses, we examined
and compared the genetic architectures of craniofacial, fin and body shape. We found
minimal overlap of QTL intervals between the three suites of traits, which suggests that
these ecologically relevant, functionally integrated suites of traits have distinct genetic
architectures. While our interpretations are limited to the traits that we examined, our
results suggest that pleiotropy (e.g., integration at the genetic level) does not play an
especially strong role in the covariation of head, body, and fin shape among cichlids.
These data also speak to the evolvability of this system. Populations with more
genetically modular traits (e.g., non-overlapping genetic architectures) should have the
potential to evolve into a wider area of trait space. Having distinct genetic underpinnings
would allow organisms to theoretically “mix and match” different traits to fit new
selective pressures. This evolvability may be directly evidenced by the wide range of
feeding strategies available to cichlids. We speculate that genetic modularity may
facilitate such microniche partitioning, as slight shifts in distinct anatomical modules
(e.g., increased numbers of FRs) could enable similarly subtle shifts in behavioral
patterns and foraging habitat.
In spite of largely unique G-P maps for these suites of traits, three intervals of
overlapping QTL were observed. While it cannot be ruled out that with the addition of
more recombinant chromosomes, these apparently overlapping QTL would also become
separate, such intervals might represent loci that have broad pleiotropic effects on
multiple sets of traits. Such “hotspots” might provide large targets for natural selection20,
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helping to kick-start divergence along the benthopelagic axis. Characterizing the
molecular basis of putatively pleiotropic loci could be especially important as
evolutionary biologists seek to understand the proximate factors that precipitate adaptive
morphological divergences93.

Developmental insights and hypotheses
Based on our developmental data, we suggest a mechanism through which Wnt
activity and col1a1 expression influence variation in pectoral FRs (Figure 12). Col1a1 is
expressed in a thin, continuous band along the distal edge of the fin fold at 5dpf in LF,
MZ, and TRC. By 6 dpf, this band has thickened, and over the next several days
becomes restricted to punctate nodes of expression in a D to V fashion. Nodes of col1a1
expression correspond to the number of fin rays present at that stage of development,
which also develop in a D to V pattern (Figure 8). This pattern of col1a1 expression in
cichlid fins is similar to what has been observed in zebrafish90,91.
Wnt7aa is a notable candidate gene for variation in cichlid fin development, as its
homolog is known to influence the formation of distal limb elements in both mouse and
chick94–96. In LF, we find that wnt7aa is first expressed at 6dpf as discrete nodes in the
dorsal-most edge of the fin fold, which then appear to sweep down the fin fold from the
dorsal to ventral edge of the fin. The punctate expression of wnt7aa precedes that of
col1a1, which suggests that wnt7aa may act upstream of col1a1. This is consistent with
roles for the Wnt signaling pathway in early osteoblast differentiation54. These
observations were corroborated by our functional experiments where knock-down of Wnt
activity led to the loss of ventral FRs, and expanded Wnt signaling led to expanded FR
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numbers. Collectively our mapping and developmental data suggest that Wnt signaling is
critical to the proper formation and patterning of these distal fin elements.
Notably, while wnt7aa was robustly expressed in the fin fold of LF, no such
expression was observed in MZ or TRC. All three species exhibited strong wnt7aa
expression in the central nervous system (not shown) and cleithrum (Figure 8), which
suggests that this gene is present and active during MZ and TRC embryogenesis, but not
in the developing fin rays. It is likely that Wnt signaling does act during fin development
across cichlid species, since lef1, a transcriptional target of Wnt signaling, is expressed as
discrete nodes in the pectoral fins of all three species, and global manipulation of the Wnt
pathway in these species led to significant differences in FR number. We therefore posit
that the expanded number of FRs in LF is due to increased Wnt activity in the pectoral
fins of this species, and suggest that the recruitment of wnt7aa as a novel ligand during
pectoral fin development served to enable this species-specific difference (e.g., Figure
12). This hypothesis rises logically from our mapping and expression data; however, the
precise molecular mechanism through which this putative recruitment has occurred
remains unknown and will require further analysis.

Conclusions
Understanding the factors that promote and maintain species diversity is an active
area of research. To this end, the genetic architectures of various adaptive traits have
been examined in an array of organisms8,20,97–100. With advances in genotyping
technologies, such studies have led to a rapidly growing list of loci that underlie adaptive
morphological variation. However, the vast majority of these papers focus on one trait,
or a single character complex. While there is nothing wrong with this approach per se,

24

species divergence almost always involves more than one character, and the efficiency of
an adaptive response likely depends on the combined evolvability of multiple traits41.
Thus, understanding the molecular factors that promote the efficiency and extent of
diversification will require a more holistic view of organismic design, and the
examination of the genetic basis of multiple traits. On one hand, regions of the genome
that integrate an evolutionary response across a suite of traits may be important in the
first steps of divergence, as they will represent a “large” target for selection. This is
related to the concept of “genomic islands” of divergence, wherein contiguous regions of
the cichlid genome were found to segregate together during early stages of speciation93.
Alternatively, distinct genetic architectures could facilitate the expansion of ecological
opportunity through the mixing and matching of alleles at multiple loci to come up with
unique combinations of morphological characters. Such comparisons could be made in a
single study, or through meta-analyses. We illustrate this approach by examining a suite
of ecologically relevant traits. We find that the genetic architectures for different traits
are largely distinct, but also identify some potential areas of overlap. Finally, through
fine-mapping and developmental analyses, we hypothesize a mechanism through which
one such trait, the pectoral fin, may diverge by altering Wnt activity and col1a1 gene
expression. Collectively, these data, published here101, add to the growing body of
literature on how species divergence occurs at the genetic and developmental levels.
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CHAPTER 2
MODULAR GENETIC ARCHITECTURE UNDERLIES PHENOTYPIC
PLASTICITY ACROSS ANATOMICAL UNITS IN AFRICAN CICHLIDS
Introduction
Phenotypic plasticity – the ability of a single genotype to produce multiple
phenotypes under different environmental regimes – enables populations to respond to
environmental perturbations within a single generation. Plasticity has been implicated as
a putative mechanism of population divergence and ultimately speciation through the
flexible stem model of evolution45,46,102. Flexible stem evolution involves a plastic
ancestral lineage which gives rise to descendant lineages that have evolved along the axis
established by the plastic response.

Reaction norms, a common measurement of

plasticity, can differ between closely related species or populations; that is, the ability to
respond plastically can evolve49. This evolvability suggests that plasticity has a heritable,
genetic component. In other words, while environmental cues trigger plasticity, there is
an explicit genetic basis for this ability. However, the specific genetic underpinnings that
influence plasticity remain largely unknown102. Understanding the genetic basis of
plasticity across multiple traits will allow us to answer deeper questions about its ability
to respond to selection and its capacity to evolve.
Cichlid fishes from East Africa are an icon of rapid and repeated adaptive
radiation. Key to their success has been their iterative divergence along a benthopelagic
axis of eco-morphological variation according to diet and/or foraging mode3. This
variation echoes diversity found in other teleost taxa, including Arctic charr, sunfish, and
stickleback, in which benthic fish scrape or pluck food items off the substratum and
pelagic fish pursue food suspended within the water column. A successful bout of feeding
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for either ecotype requires the accomplishment of several general tasks: e.g., locate,
approach, capture/handle, process prey items41. Benthic fish are therefore typically
subjected to different sensory, locomotive, and trophic demands compared to pelagic fish.
Due to these biomechanical differences, benthopelagic divergence includes prodigious
changes in a range of anatomical units, including the oral jaws (e.g. cichlids3,88, Antarctic
notothenioids103, stickleback47,60, damselfishes104), gill arches (e.g. whitefish105–107,
sunfish108, stickleback60,109), pharyngeal jaws (e.g. cichlids110, Antarctic notothenioids103,
sunfish108), body shape (e.g. cichlids111, Antarctic notothenioids65), and fin morphology
(cichlids35). These five suites of traits represent distinct regions of anatomy, yet in order
to optimize foraging efficiency each must work in a coordinated manner, and hence they
may be considered functionally integrated41. Integration across these traits is also
supported by their evolutionary covariation across divergent taxa such that distantly
related benthic or pelagic fish share a common suite of traits. For instance, benthic fish
tend to exhibit more robust morphologies than their pelagic counterparts: shorter, wider
oral jaws; steeper craniofacial profiles; deeper bodies; and larger fin muscles.
Furthermore, many species that are foraging generalists along this ecological axis exhibit
plasticity in one or more foraging traits47,52,109,112. Flexible stem evolution involving
ancestral plasticity and subsequent evolutionary divergence through differential
canalization along the benthopelagic axis has been found in at least one taxa46,47,
suggesting that plasticity along this axis may play a key role in the repeated evolution of
these stereotypical morphologies.
We have recently shown that closely related Lake Malawi cichlid species differ in
their ability to mount a craniofacial (trophic) plastic response to differential
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benthic/pelagic feeding regimes51. Specifically, Labeotropheus fuelliborni (LF) exhibits
little plasticity, while Tropheops sp. red cheek (TRC) exhibits a significant plastic
response, and that this plasticity mimics variation along the primary benthopelagic
morphological axis3. This foraging experiment was repeated in an F3 genetic mapping
population derived from crossing LF and TRC, enabling us to map loci associated with
craniofacial plasticity52. Here we use this resource to evaluate the integration of plasticity
across additional anatomical units at both the morphological and genetic levels, asking
whether we find evidence for the covariation of the plastic response across these units.
Our intention is not only to examine the genetic basis of plasticity, but also to assess the
degree to which the plastic response is integrated across multiple aspects of anatomy and
further examine the genetic basis of such integration. One possibility is that functionallyrelated regions of anatomy will exhibit integration in the form of correlated plastic
responses, and that this integration will correspond with a similar degree of genetic
correlation. This parsimonious explanation could explain the rapid and stereotypical
patterns of plasticity observed across the body in fishes, as a change at a single locus
could potentially change plasticity across the body simultaneously. If true, these data
would also provide support for the existence of global regulators of plasticity.
Alternatively, plasticity may be more modular at the genetic level, which would suggest
that plasticity in different traits may be able to evolve independently from one another.
Either way, these data should serve as an important step toward further characterizing the
genetic and molecular basis of plasticity in an iconic evolutionary model.
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Materials & Methods
Fish husbandry
All cichlids were raised in 10gal glass aquaria on standard flake food until two
months of age, before being transferred to 40gal glass aquaria. A single LF female was
crossed to a single TRC male, creating a hybrid mapping population that was used for the
subsequent analyses. F3 families were split into diet treatments; for detailed methods on
these treatments and this cross, see Parsons and colleagues51,52. Briefly, food content and
amount remained consistent across treatments; high-quality algae flake food (purchased
from Worldwide Aquatics, Inc.) was ground and either sprinkled directly into the water
column (pelagic treatment) or mixed with a 1% food-grade agar solution and spread over
lava rocks (benthic treatment). Fish were euthanized with MS-222 according to IUCACapproved protocols, fixed, and stored in 75% ethanol. Prior to fixation, flank muscular
tissue was taken for DNA extraction. The animals were then dissected and imaged to
assess functionally salient traits.

Morphometrics
We quantified variation in the hybrid mapping population using both linear (LM)
and landmark-based geometric morphometrics (GM). LMs included an array of
putatively adaptive traits such as body depth and length, the number of fin rays, and the
number and lengths of the gill rakers. For GM we included landmarks to capture both
global geometry and functionally relevant aspects of the anatomy, including muscle
origins/insertions, fin placement, eye size and placement, and bony processes (Figure 13).
Per-trait sample sizes are provided in Table 3. We performed a canonical variate analysis
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(CVA) for each multivariate shape trait with diet treatment as the a priori grouping
variable; the first CV was established as a plasticity axis in which more extreme scores
toward either end of the axis represented more plastic individuals. We performed
student’s two-way t-tests on the raw scores for all linear measures as well as the CV-1
scores looking for significant differences between treatments (Table 3). We additionally
examined classification accuracies for our CVAs (Table 4), and visualized the shape
differences associated with variation along CV-1 (Figure 13).
In order to assess the degree of coordination across traits we compared CV-1
scores between traits. We were only able to perform these comparative analyses for our
continuous variables – our CV scores and gill raker lengths. Additionally, we were only
able to run the analysis using individuals for which we had shape scores for all the
variables of interest (n=147). We used pairwise partial correlations in order to account for
the multivariate and multicollinear nature of our dataset (ppcor R package113, Pearson’s,
Table 6). These correlation coefficients and p-values are reported with the effect of the
other variables removed. We next performed network analyses using the strength of the
partial correlations to probe and visualize the relationships between these traits (Figure
14A). Only values from the partial correlation analysis that were both significant at an α
of .1 and with a correlation coefficient greater than .1 were used in the visualization.

Genetics
We further used these traits as the basis for a series of quantitative trait locus
(QTL) analyses in order to identify and compare the loci underlying plasticity in each
trait (Figure 15, Table 5). Construction of the genetic map and all QTL analyses were
performed in the R/QTL package of the R statistical language73,74. Detailed methods on
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the construction of the QTL linkage map for this cross are available elsewhere22,75,88.
Using this map, we identified putatively significant QTL by building models of loci
suspected to influence QTL under standard interval mapping and through backwards
selective identification of co-factors. Final models were fitted using maximum likelihood
in the Multiple QTL Mapping package of R/QTL77. Permutation tests (n=1000) were
used to estimate significance at the .05 and .1 levels. Allelic effects at each locus were
determined to assess the degree of dominance at each locus. 95% confidence intervals for
each QTL were defined using the bayesint function in R/QTL. Mapping allowed us to
visualize and compare the plasticity genotype-phenotype map across traits. Since QTL
analyses are often underpowered to detect minor-effect loci, and thus subjected to type II
error114, we made a more general comparison of LOD scores across the genome52.
Specifically, we took the LOD scores for each trait at each locus and compared them
across units, again using pairwise partial correlations to account for multicollinearity.
These LOD scores were taken from the full set of individuals analyzed for each trait
(Table 3) at each of 626 marker sites. We again restricted our comparative analyses to
continuous variables, and visualized those data using network analyses based on the
strength of the partial correlations as before (Figure 14B).

Results
Cichlid plasticity across a range of traits
We observed plastic responses across multiple anatomical units. Specifically, we
detected significant differences between diet treatments in gill raker length, fin ray count,
and CV-1 scores for all traits, though the CVA did not establish a significant CV axis for
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fin musculature (Table 3,4). Where significant differences in LMs were detected, trait
values increased in the benthic treatment compared to the pelagic treatment, resulting in
benthic fish with longer gill rakers and more fin rays than their pelagic counterparts.
Notably, gill raker count did not vary significantly across treatments on any of the major
branchial arches except the second branchial arch on the left side of the body (Table 3).
For the GM traits, representative shapes of extreme-scoring individuals on either end of
the CV-1 axis are presented in Figure 13. Generally speaking, benthic fish exhibited
shorter heads, steeper craniofacial slopes, wider jaws, more robust body and pharyngeal
jaw shapes than their pelagic counterparts. Post-hoc classification accuracy ranged from
48-84% for all CVAs (Table 4).

Correlation of plastic responses across anatomical units
We next compared CV-1 scores across our anatomical units in order to determine
how tightly integrated the plastic responses were at the morphological level. After
accounting for multicollinearity in our shape dataset, we detected 18 significant
correlations out of 55 pairwise comparisons (Table 6). The multivariate relationships
between shape scores across traits are provided in Figure 14A. In particular, the results
of the network analysis provide support for a surprising degree of modularity in the
plastic responses of various anatomical units, with most traits behaving as largely distinct
modules. This held true even for those traits representing different views of a single
anatomical unit – such as the lateral and ventral aspects of both the oral and pharyngeal
jaws. One notable exception here is the length of the third, fourth, and fifth gill rakers on
the first branchial arch, which appear to be tightly integrated at the morphological level.
While traits were largely independent statistically, the network analysis provided relative
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relationships between traits that make sense with respect to function. For instance, GR
lengths were at one end of the network, body and head traits were at the opposite end,
and fin architecture resides in the middle. Furthermore, the two craniofacial and two
pharyngeal jaw traits are adjacent to one another on the network. Given that plasticity
was measured in a recombinant hybrid population, such weak correlations among plastic
responses suggests that the genotype-phenotype map should be similarly modular.

Genetic basis of plasticity across traits
In total, 35 QTL were detected across all traits at the 90% genome-wide
significance level (Table 5). LOD scores for these loci ranged from 3.166 to 7.23 and
explained from 7.9% to 15.6% of the phenotypic variation for a given trait. Modes of
inheritance ranged from additive, to dominant, to overdominant (Table 5). Notably, TRC
alleles contributed to a more pelagic phenotype for the QTL on LG 8 associated with CV1 scores for the lateral view of the pharyngeal jaws, and for the QTL on LG 2 associated
with CV-1 scores for body shape, whereas LF alleles contributed to the pelagic
phenotype for the QTL on LG 17 associated with CV-1 scores for the lateral view of
craniofacial morphology and for the QTL on LG 18 associated with CV-1 scores for fin
musculature. Two loci appear to correlate with multiple anatomical units (Figure 15).
Both are associated with variation in the number of fin rays in the pectoral fin pad as well
as the number of gill rakers on the branchial arches. The locus on linkage group (LG) 2
is also associated with variation in body shape across environments. In all, our mapping
approach revealed only modest evidence for the genetic integration of plastic responses.
However, given that QTL analyses are generally underpowered to detect loci of minor
effect114, we reasoned that additional support may be gleaned from a closer examination
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of the distribution of LOD scores across the genetic map. When we compared LOD
scores across the genome for each of our continuous variables, we found 22 significant
correlations out of 55 pairwise comparisons after accounting for multicollinearity in the
dataset (Table 7). This is a similar number of significant correlations compared to that
shown for the phenotypic data. Our network analysis on the genetic dataset again shows
significant modularity, with most traits behaving independently of one another (Figure
14B). Again, the lengths of the third, fourth, and fifth gill rakers of the first branchial
arch represent a notable exception to that pattern. The relative relationship between
modules, based on LOD scores, is somewhat more complex than that observed for the
phenotypic data. Pectoral fins and pharyngeal jaws are relatively distinct from other
functional units; however, the remaining traits are jumbled together on the opposite end
of the network.

Discussion
Wide-spread plasticity across anatomical units is underlain by genetic modularity of
plastic responses
We found evidence for plastic responses to diet in a variety of cranial and postcranial traits, including body shape, fin musculature, craniofacial profile, and pharyngeal
jaw shape. This plasticity typically mimics recorded cases of both evolutionary
divergence and plasticity along the benthopelagic axis – for example, benthic fish tended
to exhibit more robust morphologies (shorter, wider oral jaws; wider and stouter
pharyngeal jaws; and stockier bodies) than their pelagic counterparts3. One exception to
this appears to be the fin musculature, which did not establish a significant CV axis,
though the average scores for each group are significantly different from one another
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(Table 3,4). These data may suggest that fin musculature is less plastic overall than some
of the other traits, or perhaps the locomotive demands relate less to the fin musculature
than to other aspects of fin shape such as the length and width of the fin pad. Studies
linking fin morphology to swimming performance tend to focus on fin pad morphology
such as aspect ratio (the length/width ratio of the fin) rather than on fin musculature39,115,
perhaps because the shape of the fin pad is of more importance to swimming performance
than the underlying fin musculature. We do find significant differences in the number of
fin rays (which relates to the width of the fin pad) across our diet treatments, which is
notable as it suggests that these discrete characters can be added over the life of an
animal, and are not strictly determined by early developmental patterning mechanisms.
In all, these results underscore the complexity of the pectoral fin, and argue for further
investigations into the links between fin morphogenesis and feeding performance across
environments.
We detected plasticity across all measured traits (with the exception of GR
number), and given the stereotypical nature of benthopelagic divergence across
anatomical units, it is reasonable to predict a degree of correlation in those plastic
responses. However, measuring this in natural populations cannot decouple a correlated
functional response from a correlated genetic response, because of the common genomic
background of the animals under inquiry. The power of our experimental design is that
plasticity was assessed in a recombinant hybrid population. Therefore, putative alleles
that influence the plasticity of different regions of anatomy will be segregating among
individuals. Overall, we find little support for the prediction of correlated plasticity.
While we did find evidence for covariation of plasticity both within and across
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anatomical units, it tended to be relatively weak, as evidenced by relatively low partial
correlation coefficients (e.g, all <.65, Table 6). In addition, results of the network analysis
largely support the modularity of those responses. For example, different views of both
the oral and pharyngeal jaws appear to be operating as distinct modules (Figure 14A).
We do find evidence for a tight integration between the lengths of the third, fourth, and
fifth gill rakers on the first branchial arch – but the first and second gill rakers on that
arch appear to be modular with respect to each other as well as to the 3-5 module (Figure
14A). This trend suggests a degree of modular genetic control within the gill arch, and is
consistent with variation in GR sizes across a single gill arch. Specifically, cichlid gill
arches comprise both a short dorsal and longer ventral subunit separated by a
cartilaginous articulation, and both possess GRs. All of the GRs measured in our analysis
were from the longer ventral sub-unit; however, GRs 1 and 2 develop closest to the dorsal
articulation, whereas GRs 3-5 arise more medially from this subunit. Thus, again, genetic
modularity is associated with very fine-scale anatomical distinction.
Genetic mapping results are consistent with those from the phenotypic analyses.
These data also reveal substantial modularity. While we still see the third, fourth, and
fifth gill rakers clustering together as a module, and grouping near the first and second
gill rakers, this relationship is no longer separated from the other anatomical units such as
head and body shape; in fact, body shape and the second gill raker cluster together as a
second multi-trait module. The different views of the oral and pharyngeal jaws still do
cluster together, though they continue to appear to operate as distinct modules from one
another. We again find relatively weak partial correlation coefficients (e.g. all <.68,
Table 7). When we look at just the significant QTL across the genome, we also see
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several cases of overlapping QTL across traits within anatomical units (Table 5). For
example, LG 1 is implicated in the number of gill rakers on both the left and right
branchial arches 1-3. Similarly, LG 22 is significantly associated with the length of the
five gill rakers on the first branchial arch. We also find evidence of two regions which
appear to correlate with multiple anatomical units; the QTL on LG 1, which is associated
with fin and gill raker traits, and the QTL on LG 2, which is associated with fin, gill
raker, and body shape traits (Figure 15, Table 5). These overlapping regions may
represent “hotspots” for evolutionary divergence by mediating multiple traits/anatomical
units simultaneously and thus providing an avenue for the rapid, correlated evolution of
functionally integrated traits52,116,117. In all, these data demonstrate that modularity at the
genetic level underlies modularity in the plastic responses of shapes across various
anatomical units. This modularity speaks to the independent evolvability of the plastic
responses as well as to the strength of the selective pressures which must be acting on
them in order to produce the benthopelagic axis across such widely disparate clades.

Concluding Remarks
In all, our data have shown little support for “global genomic regulators” of
plasticity49,118,119. Although we do find two instances of overlapping genetic control for
plastic responses across distinct anatomical units, we find a genotype-phenotype map
with respect to plasticity that is predominantly modular. Our data suggest that plasticity
across distinct functional units is under distinct genetic control, which in turn suggests
that plasticity, or canalization, may evolve independently across the body. Given the
tightly coordinated and highly stereotypical patterns of benthopelagic variation across
many disparate teleost taxa, our data further highlight the prevalence of integration

37

stemming the shared functions of traits rather than from a common genetic control
mechanism. While our regions of genomic overlap could be genomic “hotspots” of
selection for plasticity, we predominantly find little evidence for pleiotropy as a potential
mechanism by which covariation in our phenotypic traits is produced. Overall, our data
provide a holistic view of plasticity in functionally integrated traits across the teleost
body, and further generate a list of intriguing candidate loci putatively involved in the
heritability of and selection on plasticity that may be used for future functional
characterization.
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CHAPTER 3
UNDERLYING FLEXIBLE STEMS – HEDGEHOG SIGNALING MEDIATES
CRANIOFACIAL PLASTICITY IN TELEOSTS
Introduction
Phenotypic plasticity has long been thought to play a critical role in an organism’s
survival under novel or reliably fluctuating conditions, allowing it to change its behavior,
physiology, or morphology in response to environmental cues. This rapid response of the
phenotype to the environment, which occurs within a single generation, is even thought
to shape evolutionary trajectories (i.e. the flexible stem model of evolution46,47,120). Under
flexible stem evolution, a plastic ancestral population gives rise to descendant taxa that
have evolved along the axis set up by the initial plastic response. In this scenario,
plasticity presents new patterns of variation to selection, thereby biasing the evolutionary
response along the ancestral axis of plasticity. If the new environment is stable, alleles
that facilitate evolution along this axis may become fixed, canalizing traits at opposite
ends of this spectrum. Direct support for this mode of evolution requires a knowledge of
the ancestral pattern of plasticity which is often impossible to obtain as the ancestral taxa
is frequently extinct (but see Wund and colleagues47). However, we can find signatures
of evolution that are consistent with the flexible stem model. These signatures include
shared axes of morphological variation that occur both across taxa at an evolutionary
timescale and within a single taxon at the level of the plastic response47,50,121,122. The
African cichlid radiation is characterized by rapid, extensive, and repeated bouts of
craniofacial diversification along a benthopelagic axis3. Plasticity of the cichlid jaw is
also well documented and is similarly concentrated along this benthopelagic axis51,52,123.
This combination of rapid and iterative evolution and developmental plasticity along a
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single unifying axis has led to the proposition that the cichlid feeding apparatus
represents a morphological flexible stem44. The flexible stem model requires the
existence of genes that control both the plasticity and evolution of a particular structure.
While there is substantial evidence that plasticity can vary across closely related
species124,125, there are only a few documented instances in which the proximate
molecular genetic basis for plasticity has been identified126–128. The identification of loci
and/or molecular pathways that are involved in both the divergence and plasticity of the
cichlid craniofacial skeleton would provide further support for the hypothesis that the
flexible stem model has shaped cichlid jaws.
Previous work from our lab has implicated ptch1, a key receptor of the Hedgehog
(Hh) signaling pathway, in mediating the evolutionary response of key elements of the
cichlid feeding apparatus along the benthopelagic axis55,56. Hh signaling plays key roles
in bone development, homeostasis, and disease129. In particular, Hh genes have been
implicated in limb patterning, particularly in the zone of polarization in the developing
limb bud130 and the identity and number of digits131,132. Hh is also active during
endochondral and intramembranous ossification; it has been implicated in both dermal
and endochondral bone formation129. Hh is also active in the development of teleost
jaws. In particular, the dimensionality of skeletal elements involved in lower jaw
depression, including the length of the retroarticular process (RA) and width of the
interopercle (IOP) bone, were found to covary with (1) genetic variation at the ptch1
locus, (2) differential mRNA expression of ptch1, and (3) experimental manipulation of
the Hh pathway via the small molecular inhibitor, cyclopamine. More recently, ptch1 was
shown to be differentially expressed during a plastic response in the cichlid RA53. Much
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attention is given to the IOP bone here and in our previous work because of the critical
role it plays in fish feeding mechanics; specifically, it functions in lower jaw depression
through lower jaw lever mechanics and the opercle four-bar linkage system133–135, and
because unlike the RA it is conserved across both cichlids and zebrafish.
Collectively, these data suggest that flexible stem evolution may have played a
key role in shaping the cichlid jaw, and indicate that the Hh pathway underlies this
phenomenon. In order to test this hypothesis, we needed to be able to (1) quantify the
direction and magnitude of plasticity in our tissues of interest, (2) correlate the direction
and magnitude of plasticity with differential ptch1 expression levels in those tissues, and
(3) demonstrate that the manipulation of the Hh pathway directly impacts the magnitude
and/or direction of the plastic response in those tissues. If Hh signaling in general, and
ptch1 in particular, is causally involved in the evolution of plasticity in the cichlid
radiation, we would expect that closely related cichlid species with alternate ptch1 alleles
would differ in their ability to mount a plastic response. Further, theory suggests that
plasticity should be maintained in more generalist species while it should be lost in
specialists136,137. We examined three species of cichlids, two with more generalist
feeding strategies that share a ptch1 allele and one specialist that carries an alternate
ptch1 allele52,55. We demonstrate that the generalists exhibit a significant plastic response
while the specialist does not, and further show that these species exhibit differential ptch1
expression across different diets. Finally, we experimentally manipulate the Hh pathway
using transgenic zebrafish and show that this manipulation directly impacts the
magnitude of the plastic response in these fish. Together, these data demonstrate that Hh
signaling is both necessary and sufficient for the craniofacial plastic response and provide
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a molecular mechanism through which flexible stem evolution on the cichlid jaw may
have occurred.

Materials & Methods
Fish Husbandry
Cichlids were raised in 10gal glass aquaria on standard flake food for four months
before families were split into diet treatments and transferred to 40gal aquaria. For
detailed methods on these treatments, see Parsons and colleagues51,52. Briefly, food
content and amount was kept consistent across treatments. High-quality algae flaked
food (purchased from Worldwide Aquatics, Inc.) was ground and either sprinkled directly
into the water column (pelagic treatment) or mixed with a 1% food-grade agar solution
and spread over lava rocks (benthic). Zebrafish were raised in 3-liter plastic aquaria on a
diet of rotifers, GM-100 (purchased from Bio-Oregon), and brine shrimp for several
months before families were split into diet treatments. All tanks included a mix of
transgenic and wild-type fish; for detailed methods on the generation and heatshock of
Hh-transgenic zebrafish, see Shen and colleagues138. Pelagic zebrafish received GM-300
(purchased from Bio-Oregon) sprinkled directly into the water column while benthic fish
received the same GM-300 mixed with a 1% food-grade agar solution spread over
ceramic tiles. Both cichlids and zebrafish were given one month to acclimate to the diet
treatments before the start of the experiment; in this time, all benthic fish were feeding
readily off the rocks or tiles. Each experiment was replicated in two sets of fish; replicate
experiments were carried out at different times over the course of a year.
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Experimental Design
We quantified bone deposition because this is a likely mechanism through which
fish plastically response to alternate foraging environments. This approach additionally
allowed us to hone in on the local changes that lead to the holistic, global changes found
previously by Parsons and colleagues51. We labeled bone deposition following Atkins
and colleagues139. Fish were anesthetized using a micro-dosage of MS-222, in cool water,
during injections and handling. Fish were first injected with alizarin red at a
concentration of 50 mg fluorochrome/kg fish, then with calcein green at a concentration
of .5 mg/kg fish approximately a month later, and euthanized with a lethal dose of MS222 a week after the final fluorochrome injection (Figure 16). During the time between
injections, zebrafish were heatshocked to 37º for 1.5hrs daily in order to activate
expression of the transgene and regulate Hh signaling in a genotype-specific manner (up,
down, and a heatshocked wildtype control)138. Sacrificed fish were stored in a 95%
ethanol solution. Fish were weighed before each injection and at the end of the
experiment. No statistical differences in fish mass were noted between any treatment
group, which suggests that differential growth was not a confounding factor in our
analysis.

Imaging and Quantification of Traits
Craniofacial bones were dissected from the head, cleaned of surrounding soft
tissue, flat-mounted on glass slides, and imaged with a Zeiss Axioplan2 fluorescent
apotome scope (Figure 16). Bones were imaged in triplicate using a red fluorescent filter,
a green fluorescent filter, and a DCIM brightfield view. Cichlid bones were imaged at
10x; zebrafish at 20x. Trunk scales were flat-mounted and imaged in the same way. Bone
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deposition was quantified by calculating the distance between the red and green
fluorochrome labels in each bone using Photoshop.

Statistical Methods
Bone deposition was standardized for individual growth rate using scale growth
as the basis for a linear regression140. Within a genotype or species, Student’s t-tests were
performed on the residuals from those regressions in order to determine significant
differences in bone deposition between diet treatments. The p-values from those t-tests
are reported in Table 8 and Table 9. Sample sizes for a given species/treatment
combination ranged from 8-12 individuals in cichlids. Sample sizes for a given
genotype/treatment combination ranged from 7-27 individuals in zebrafish. Reaction
norms were generated from those residuals in Excel by taking the average bone
deposition in a given group and calculating the 95% confidence interval of bone
deposition in that group using the function confidence.

qPCR
Quantitative PCR was used to measure the expression of ptch1 in both TRC and
MZ. All qPCR primer sequences are provided in Table 10. Tissue was taken from the
opercle series as well as the caudal fins and stored in Ambion’s Trizol reagent (purchased
from Thermofisher Scientific) at -80ºC in order to preserve RNA prior to extraction.
RNA was isolated from homogenized tissues using phenol chloroform extraction, and
standardized to a common concentration prior to reverse transcription. Finally, levels of
gene expression were measured using SYBR Green chemistry (Power SYBR Green
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Master Mix), and relative quantification (compared to beta actin) was analyzed using the
comparative CT method141.

Results & Discussion
Patterns of craniofacial plasticity vary across cichlid ecomorphs
To answer whether plasticity is maintained in our generalist species but lost in our
specialist, we examined craniofacial plasticity in three cichlid species, which vary in
terms of where they lie along the benthopelagic eco-morphological continuum.
Labeotropheus fuelliborni (LF) is an obligate algal scraper which exhibits an extreme
benthic morphology3. Tropheops sp. red cheek (TRC) preferentially uses a bite-and-twist
mode of feeding, but will suction feed and exhibits a more pelagic-like craniofacial
morphology than LF3,51,67. Maylandia zebra is a true generalist feeder which forages by
combing loose algae off the benthic substrate as well as by suctioning plankton from the
water column and which similarly exhibits a pelagic-like morphology101. Importantly,
MZ and TRC share the same ptch1 allele while LF carries a different allele at this
locus52,55. We predicted that the more generalist species, MZ and TRC, would produce a
craniofacial plastic response, while LF would not.
We subjected all three species to alternate foraging treatments following Parsons
and colleagues52, whereby families were split and reared on diets that mimicked either
benthic/biting or pelagic/sucking modes of feeding. Importantly, while the mode of
delivery varied, each treatment involved the same amount and type of food, appropriate
to the species, to ensure that nutrient content remained the same between treatments. Our
phenotypic response was measured as rates of bone matrix deposition, which we
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visualized using injected fluorochromes and quantified following Atkins and
colleagues139 (Figure 16). Young adult fish were reared on alternate diets for 4 weeks;
they were then sacrificed and bone deposition was measured in a variety of craniofacial
bones (Table 8). We found that MZ and TRC consistently produce a measurable plastic
response (Figure 17, Table 8), although in opposite directions. Whereas the benthic
generalist, TRC, showed higher rates of bone deposition in the benthic treatment, the
pelagic generalist, MZ, exhibited higher rates of bone deposition in the pelagic treatment
(Figure 17, Table 8). This difference suggests that the craniofacial skeleton of TRC is
more responsive to the static mechanical loadings associated with biting/scraping, while
MZ is more responsive to the higher frequency cyclical load that occurs during suction
feeding. In contrast, the obligate benthic forager, LF, consistently showed no difference
in rates of bone deposition across treatments (Figure 17, Table 8). Additionally, we
quantified ptch1 expression levels across diet treatments in both MZ and TRC. As
expected, we found that ptch1 was expressed at a significantly higher level in pelagic MZ
than benthic MZ (Figure 18A, p=.045), and at a higher level in benthic TRC than pelagic
TRC (Figure 18B, p=.11). Together, these data demonstrate (1) that closely related
species can exhibit markedly different magnitudes and patterns of plasticity, and (2) a
strong correlation between Hh signaling and the direction of the plastic response in
cichlids.

Hh signaling mediates craniofacial plasticity in zebrafish
The answer to whether Hh signaling is the cause, or response, of craniofacial
plasticity is especially important with respect to testing our main hypothesis that Hh
signaling mediates the plastic response in the cichlid jaw. While there is some evidence
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that Hh signaling in general, and ptch1 in particular, may be mechanically
sensitive52,53,142,143, this pathway also plays important roles during normal bone
development, and may simple be a transcriptional result of increasing bone deposition54.
In other words, elevated ptch1 expression may simply be a transcriptional response to
increased mineralization, and may be unrelated to the ability of bone to sense and
respond to its mechanical environment. Distinguishing between these two possibilities is
key to understanding the molecular basis for craniofacial plasticity in this system.
To address this question, we then used transgenic lines of zebrafish in which the
Hh pathway can be activated or dampened in a time-specific manner using heatshock138.
Our hypothesis is that the Hh pathway is both necessary and sufficient to mediate
craniofacial plasticity in response to alternate foraging treatments. We found that wildtype zebrafish consistently showed an MZ-like pattern of plasticity, with fish from the
pelagic treatment depositing more craniofacial bone than their benthic counterparts
(Figure 19, Table 9). This matches expectations since zebrafish are pelagic foragers in
nature, and points to a conserved tissue-level plastic response in distantly related fish
species. Additionally, we show that down-regulation of Hh signaling results in the global
reduction (e.g., a flat reaction norm) of craniofacial plasticity across multiple craniofacial
bones (Figure 19, Table 9). Finally, we demonstrate that experimental up-regulation of
Hh signaling results a gain of plasticity (e.g., steeper reaction norm) in the IOP (Figure
19, Table 9), a craniofacial bone that is critical in feeding and which has been shown to
be sensitive to Hh signaling in cichlids53,56. Other craniofacial bones do not show this
clear gain-of-function, which suggests that not all craniofacial bones have the capacity to
gain plasticity via Hh signaling. However, these data demonstrate that Hh signaling is
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necessary for the proper maintenance of the plastic response across multiple bones, and
suggest that it is additionally sufficient to increase the plastic response in the IOP.

Conclusions
Cichlids represent a paramount example of rapid and repeated morphological
evolution, with patterns of variation following divergence along a benthopelagic axis3.
This iterative and relatively recent radiation along a common axis, coupled with
developmental plasticity in key trophic structures along that axis, is consistent with the
idea that flexible stem evolution has shaped cichlid radiations, specifically with regards
to their trophic morphology. Additionally, morphological variation in these functional
systems in general, and the IOP in particular, is associated with evolutionary shifts in
diet56,144. Changes in the IOP have also been shown to propagate morphological changes
to other craniofacial bones (i.e., the RA) via epigenetic mechanisms (sensu
Waddington145)53, underscoring its important role in promoting functional integration in
this complex anatomical system.
In cichlids, the shape of the IOP has been shown to vary across ecotypes, and Hh
signaling is thought to play a role in this variation, with ptch1 implicated in particular56.
Further, small molecular manipulations of the Hh pathway impact the shape of the IOP in
a manner that mimics natural variation56. The current study shows that this pathway is
explicitly involved in regulating sensitivity of this bone to the foraging environment, and
is necessary for the maintenance of this sensitivity in other craniofacial bones. When
considered together, these data suggest that Hh signaling is both necessary and sufficient
for mediating the evolution of plasticity in the IOP, thereby providing robust molecular
support for a theory that first appeared in the literature nearly thirty years ago.
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TABLES

Table 1 Full list of SNPs with outlier FST values in each of the significant QTL
intervals for the F2 analysis of fin ray count.

LG

Scaffold
12
12
12
12
12
12
12
12
12
349
108
113
8
113
113
113
113
113
113
113
113
113
47
47
47
47
47
47
47
47
47
47
47

20

Gene
spryd4
rbm38
wnt7aa
fgd
BRPF1
EMILIN-3
rnf114
snai1b
skiA
PAS
TNNC2
baiap2
exoc7
SRCIN1
PAS
crhr1
kansl1b
elov16
MSL1
osbpl7
tbx21
psmd11b
thraa
ank3a
acs15
col1a1
sgca
PAS
ttyh2
socs3b
polr3e
glud1b

Genomic Interval (Mb)
6.084-6.087
5.754-5.778
4.512-4.522
4.530-4.400
4.324-4.287
2.410-2.391
2.099-2.082
1.689-1.686
1.128-1.065
1.280-1.294
2.306-2.234
1.643-1.657
1.287-1.417
1.048-1.022
1.002-0.962
0.849-0.870
0.342-0.355
0.158-0.140
0.119-0.133
4.239-4.203
3.960-3.927
3.343-3.532
3.308-3.318
2.564-2.556
2.547-2.552
1.560-1.470
0.705-0.701
0.670-0.644
0.202-0.222

Fst
0.95
1
1
1
0.8
1
0.8
1
1
1
1
1
1
1
1
1
0.9
1
1
1
0.9
1
1
1
1
0.7
1
0.76
1
0.85
0.9
0.9

Fst Location (Mb)
6.022
5.745
4.471
4.461
4.351
2.435
2.225
1.854
1.169
0.025
1.175
2.25
1.653
1.347
1.251
1.078
1.028
0.864
0.344
0.192
0.081
4.289
3.964
3.326
3.313
2.659
2.532
1.785
1.611
0.718
0.658
0.223

Known Functions
unknown
mRNA binding
neurogenesis, limb patterning
regulating Rho signal transduction
DNA binding, protein binding, zinc ion binding
unknown
cell differentiation, spermatogenesis
cell migration during gastrulation, heart development
dorsal/ventral patterning, regulation of apoptosis, cartilage development
actin binding, skeletal muscle contraction
cell-cell adhesion, actin filament bundle assemply, dendrite formation
protein transport, exocytosis
protein binding, exocytosis, regulation of cell migration
protein binding, immune response, cell surface signaling
histone acetylation
unknown
chromatin binding, histone acetylation
cholesterol response, lipid transport
lymphocyte migration, T-cell differentiation
stem cell differentiation, proteasome assembly
thyroid hormone receptor
signal transduction, spectrin binding
unknown
cartilage development, bone development, endochondral ossification
cytoplasimic mebrane component
chloride transmembrane transport
intracellular signal transduction
innate immune response
amino acid metabolism
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Table 2. For a given trait in the F2 population, provides relevant information about
significant QTL associations. Asterisk (*) denotes genome-wide significance at p<.1;
double asterisks (**) denote genome-wide significance at p<.05.
Trait

LG

cM

QTL interval

LOD

PVE (%)

Lf/Lf

Allele Effects
Lf/Trc

Trc/Trc

Fin - RW2

4

30

9.6-33.6

3.06*

5.4

0.009025 -0.00207614 -0.00622141

Fin - RW3

15

5.0

0.0-16.4

3.22*

5.7

-0.00045 -0.00391789 0.00363085

FR

8
20

15.0
60.0

11.3-30.6
44.4-71.4

5.02**
4.63**

8.7
8.1

12.86156
12.77332

12.72375
12.69755

12.17147
12.44446

ABS width

19

30.0

21.5-45.9

3.61**

6.0

-5.26036

2.939304

-5.263519

ABS length

11
1

5.0
30.0

0.0-26.1
24.6-55.9

4.47**
4.34**

7.4
7.2

2.975798 -7.998882
2.249
0.097847 -1.45368405 -9.00882786

Body - RW1

4

30.0

24.5-53.9

3.14*

5.6

0.004059 -0.00101272 0.00406989

Body - RW3

5

0.0

0.0-15.5

3.54**

6.2

-0.00128 -0.00252299 0.00288055

Body - RW4

11

0.0

0.0-15.7

2.94*

5.2

0.000377 0.00091447

Body depth

9
19
4

20.0
5.0
45.0

9.2-26.5
0.0-32.1
37.8-62.2

4.46**
3.34**
2.97*

7.4
5.6
5.0

1.135957 -0.0969783 -0.6623961
0.01392 -0.78827912 1.71184921
0.704943 -0.3756745 0.1749134
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-0.0016883

Table 3. Per-trait sample sizes for all traits, including sample sizes for each
treatment. For all linear measures, average trait values for each treatment and pvalues for the differences between treatments are also included. Bolded p-values
indicate those significant at an α of .1.
Trait
Avg (ben)
Avg (pel)
p-value
CF Lat CV1
0.005
-0.005
>.0001
CF Vent CV1
0.003
-0.003
>.0001
FM CV1
0.004
-0.004
NA
Fin Ray (Left)
13.41
13.2
0.02
Fin Ray (Right)
13.54
13.26
0.008
BS CV1
0.001
-0.001
>.0001
PJ Lat CV1
0.007
-0.006
>.0001
PJ Vent CV1
0.001
-0.001
>.0001
Gill Raker 1 Count (Left)
13.75
13.61
0.25
Gill Raker 1 Count (Right)
13.53
13.52
0.98
Gill Raker 2 Count (Left)
12.95
12.77
0.07
Gill Raker 2 Count (Right)
12.73
12.71
0.89
Gill Raker 3 Count (Left)
12.44
12.34
0.27
Gill Raker 3 Count (Right)
12.33
12.41
0.35
Gill Raker 4 Count (Left)
12.15
12.09
0.57
Gill Raker 4 Count (Right)
12.13
11.98
0.14
Gill Raker 1 Length
0.51
0.46
0.003
Gill Raker 2 Length
0.57
0.51
0.0009
Gill Raker 3 Length
0.58
0.55
0.05
Gill Raker 4 Length
0.57
0.54
0.07
Gill Raker 5 Length
0.54
0.49
0.004

Table 4. Classification accuracies & significance values for each CVA. Percentages
reflect the total number of correctly classified individuals divided by the total
number of individuals.

Trait % Accurate
CF Lat
83.86%
CF Vent 66.41%
FM
48.61%
BS
76.29%
PJ Lat
69.87%
PJ Vent 68.49%
51

CV1 Sign.
p<2.2e-16
p=1.25e-6
p=NS
p=7.87e-9
p=2.40e-10
p=1.2e-4

Table 5. For a given trait in the F3 population, provides relevant information about
significant QTL associations. Asterisk (*) denotes genome-wide significance at p<.1;
double asterisks (**) denote genome-wide significance at p<.05.
Trait
Craniofacial Ventral CV1
Fin Muscle (Left) CV1
Fin Ray (Left)
Fin Ray (Right)
Body Shape
Pharyngeal Jaw Lateral CV1
Pharyngeal Jaw Ventral CV1
Gill Raker 1 Count (Left)

Gill Raker 1 Count (Right)
Gill Raker 2 Count (Left)
Gill Raker 2 Count (Right)
Gill Raker 3 Count (Left)
Gill Raker 3 Count (Right)
Gill Raker 4 Count (Left)
Gill Raker 4 Count (Right)

Gill Raker 1 Length
Gill Raker 2 Length
Gill Raker 3 Length
Gill Raker 4 Length
Gill Raker 5 Length

LOD*
4.461**
3.192**
5.445**
4.426**
3.458**
7.23**
5.579**
3.695**
4.324**
3.929**
3.459**
4.901**
3.837**
3.325*
3.832**
3.594*
5.357**
3.252*
3.786**
3.567**
5.082**
5.468**
4.618**
3.819*
5.612**
4.856**
4.267**
5.698**
3.166*
6.427**
5.032**
4.73**
6.552**
5.897**

LG
17
6
18
19
1
2
1
2
8
20
5
2
11
1
1
7
1
11
1
22
1
1
7
15
12
9
7
22
9
22
22
17
22
22

pos (cM) Interval (cM)
60 41.56-64.98
40 18.84-61.19
15
7.62-36.01
30 17.29-39.25
40 34.65-61.47
5
3.17-8.74
40 34.65-48.13
20
3.17-21.47
0
0.0-27.69
50 43.22-51.87
0
0.0-4.15
5
3.17-8.74
25 17.64-50.37
45 34.65-64.42
30
6.3-48.13
85
68.72-85.2
45 34.65-61.47
40 21.19-62.68
55 34.65-58.42
10
8.08-51.56
40 21.62-56.73
35 34.65-48.13
0
0.0-80.65
25 18.11-34.00
50
46.9-51.78
10
6.79-11.31
0
0.0-19.6
45 30.99-49.78
10
0.76-30.81
45 30.99-55.57
55 30.99-57.93
30 28.04-41.56
50 30.99-59.54
55 30.99-57.93
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PVE (%)
0.09319421
0.06760486
0.11255212
0.07859662
0.06195235
0.12563342
0.09841212
0.06631235
0.07715443
0.07827025
0.06923973
0.08766472
0.06931036
0.06034705
0.06949574
0.06532371
0.09541964
0.05906207
0.06869083
0.06484924
0.0907508
0.09767443
0.08652246
0.07210706
0.10168762
0.08861633
0.0783008
0.1370661
0.07864507
0.15318895
0.12206841
0.11518203
0.15592309
0.14149748

Allele Effects
LF/TRC
LF/LF
-6.27E-05
-1.61E-03
0.00149698 -0.0022836
0.00202
-0.00912
12.89549
13.28826
13.22505
13.45415
12.67536
13.56949
13.31921
13.66315
-2.15E-05
8.03E-04
-0.0030315 0.0083487
0.00068324 -0.000947
0.00125143 -0.0016354
13.15059
13.64322
13.75447
13.40817
13.60757
13.76725
13.39387
13.5606
13.50313
13.58981
11.60398
12.8459
13.1334
13.11634
13.04389
12.63768
11.94355
12.62345
12.74986
12.78777
12.27015
12.78777
11.24855
12.48991
12.50203
11.24277
12.29395
12.51398
11.72639
11.81137
12.26207
12.03112
11.82172
12.06701
12.33903
11.74472
11.21011
12.04536
11.81925
12.18369
11.63617
12
12.24288
0.5191364
0.471315 0.4101613
0.4737118 0.4897485 0.4319741
0.5636141 0.5388463 0.4719487
0.5976935 0.5571245 0.5170128
0.6202332 0.5653356 0.5168234
0.5815474 0.5432143 0.4850204
0.5422421 0.5118915 0.4442621

TRC/TRC
1.70E-03
0.00064671
0.01047
13.60358
12.25
13.14031
11.81395
-1.01E-03
0.00125137
0.00026616
-0.0008612
13.82523
13.8347
13.04548
13.07318
12.71158

Table 6. Pearson’s pairwise correlations for shape scores. Bold values indicate
significant correlations which were included in the cluster analysis; only values that
were both significant with an α of .1 and with a r greater than .1 were used.
CFL
CFL
CFV
BS
FM
PJL
PJV
GR1
GR2
GR3
GR4
GR5

S

FM
p-value

adj. r

0
0.03615
1
0
0.002285 0.16338 0.055529
0.024696 -0.05109 0.551786
0.321418 -0.15798 0.064233
0.352968 0.176912 0.037918
0.510164 -0.04016 0.640022
0.299853 -0.08949 0.296588
0.747464 0.049664 0.562945

BS

p-value

adj. r

p-value

adj. r

1
0.348728
0.30597
-0.07448
0.224433
0.061592
-0.02232
0.071516
-0.0882
-0.1259
0.144469

0
2.77E-05
0.000263
0.38532
0.008136
0.47298
0.794955
0.404536
0.303635
0.141181
0.09092

1
-0.11812
0.016754
0.107564
0.077744
0.131425
-0.13454
0.101365
-0.00323
0.062642

0
0.167655
0.84536
0.209207
0.364751
0.12441
0.115664
0.236816
0.969972
0.46545

1
0.178546
0.257619
0.191174
-0.08503
0.079668
-0.05653
0.088888
-0.02766

PJL
p-value

CFV

adj. r

PJV

adj. r

p-value

adj. r

1
0.191222
0.010223
0.003202
0.054857
-0.03609
-0.02774

0
0.02466
0.905275
0.970272
0.522798
0.674281
0.746735

1
0.107721
0.030123
-0.12729
0.056635
0.006297

GR1
p-value

adj. r

FM
p-value

adj. r

GR3
p-value

PJL
p-value

0
0.03615
1
0
0.002285 0.16338 0.055529
0.024696 -0.05109 0.551786
0.321418 -0.15798 0.064233
0.352968 0.176912 0.037918
0.510164 -0.04016 0.640022
0.299853 -0.08949 0.296588
0.747464 0.049664 0.562945

GR2
p-value

adj. r

adj. r

GR4
p-value

adj. r

0
0.20854
1
0
0.725792 0.534061 1.52E-11
1
0
0.136806 0.219358 0.009738 0.33065 7.5E-05
1
0
0.509388 -0.00017 0.998441 0.034333 0.689326 0.441314 6.03E-08
1
0.941567 -0.19757 0.02019 0.104176 0.223997 0.154293 0.070781 0.635876
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p-value

0
5.33E-17

adj. r

p-va

1
0.191222
0.010223
0.003202
0.054857
-0.03609
-0.02774

0.02
0.905
0.970
0.522
0.674
0.746

Table 7. Pearson’s pairwise correlations for genetic scores. Bold values indicate
significant correlations which were included in the cluster analysis; only values that
were both significant with an α of .1 and with a r greater than .1 were used.

BS

1
5
9
3
6
1
2
6
6

FM
p-value

adj. r

PJL
p-value

adj. r

PJV
p-value

adj. r

GR1
p-value

adj. r

GR2
p-value

adj. r

GR3
p-value

adj. r

0
0.001484
1
0
0.028914 0.090862 0.055529
1
0
0.006292
-0.0431 0.551786 0.268153 1.27E-11
1
0
3.7E-10 -0.02743 0.064233 -0.10437 0.009478
-0.0004 0.992186
1
0
4.64E-11 0.031707 0.037918 0.071601 0.075534 -0.11224 0.005251 0.451661
2.4E-32
1
0
0.021635 0.048954 0.640022 7.01E-05 0.998614 0.067813 0.092382 0.080026 0.046925 0.31677 7.6E-16
1
0.82429 0.07179 0.296588 -0.08958 0.026069 0.027156 0.500758 0.159828 6.67E-05 0.125833 0.001738 0.313417
0.031492
-0.0736 0.562945 0.110477 0.006014 -0.02303 0.568058 -0.12816 0.001422 -0.05466 0.175108 0.316667
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GR4
p-value

adj. r

0
1.57E-15
1
7.74E-16 0.675382

p-value

0
2.18E-83

Table 8. Table showing the p-value for the difference between treatments in each
bone for each cichlid species. Bones names are color-coded following Fig 17.
Significant differences between treatments are bolded; the color and shading of the
cell indicate the direction and strength of this difference, respectively. Lightly
shaded cells indicate trending toward significance. Purple shading indicates that
bone deposition rates were elevated in the pelagic treatment while green shading
indicates that bone deposition rates were elevated in the benthic treatment. Sample
sizes for each treatment are provided.

Bone
Interopercle - Post.
Interopercle - Ant.
Asc. Arm of the Mandible
Maxilla - 1st Wing
Maxilla - 2nd Wing
Opercle
Asc. Arm of the Premaxilla

LF
p-value n (ben, pel)
0.91
11,11
0.95
9,8
0.93
10,11
0.23
6,8
0.25
8,11
0.73
10,12
0.85
8,10

Cichlid Species
MZ
p-value
n
0.03
12,11
0.13
12,10
0.06
12,10
<.01
12,9
0.10
12,8
<.01
12,11
0.67
11,11

TRC
p-value
0.20
0.01
0.01
0.58
0.06
0.06
0.06

n
10,10
10,9
11,9
8,8
8,10
9,10
9,8

Table 9. Table showing the p-value for the difference between treatments in each
bone for each zebrafish genotype. Bones names are color-coded following Fig 17.
Significant differences between treatments are bolded; the color and shading of the
cell indicate the direction and strength of this difference, respectively. Lightly
shaded cells indicate trending towards significance. Purple shading indicates that
bone deposition rates were elevated in the pelagic treatment. Sample sizes are for
each treatment are provided.

Bone
Interopercle - Post.
Interopercle - Ant.
Maxilla - 1st Wing
Maxilla - 2nd Wing
Opercle

p-value
0.0001
0.1803

WT
n(ben,pel)

Genotype
Hh -p-value
n

Hh ++
p-value
0.05
0.001625

n

20,22

0.72

19,19

18,22

0.2272

15,19

0.8316

8,7

0.9479

17,13

0.6219

13,7

0.01982
0.005257

18,23

0.8125

23,20

0.1283

22,18

24,24

0.07108

23,20

0.75

27,26
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19,19
20,17

FIGURES

Figure 1. Landmarks used for (A) body shape, (B) fin musculature shape, and (C)
craniofacial shape geometric morphometric analyses. In (A) and (B) linear measures
are indicated as dotted black lines. In (B), the first three fin rays (FR) are also
highlighted. In (C) semilandmarks are depicted as smaller red dots, which outline
the craniofacial profile.
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Figure 2. Fin shape variation across cichlid species. (A-C) Pectoral fins are shown
that have been stained for bone (red) and cartilage (blue), illustrating the
differences in FR numbers in (A) LF (B) TRC and (C) MZ. (D) Morphospace
generated by the geometric morphometric analyses for fin shape based on wildcaught and F1 LF and TRC. Representative phenotypes from extreme values along
the PC axes (i.e., combined PC1+PC2 off-axis) are shown in the appropriate
corners.
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Figure 3. Shape shifts in the F2 population along the three major axes of fin
musculature variation (RW 1-3). The abductor superficialis (ABS) muscles are
shaded pink. The fin ray (FR) elements are shaded brown.
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Figure 4. Shape shifts in the F2 population along the three major axes of body shape
variation (RW 1-3).
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Figure 5. Significant QTL intervals overlaid on a schematic of the cichlid genome.
LGs are laid out along the x-axis. 95% confidence intervals are shown as colored
bars to the right of the LG they cover. They are colored according to which suite of
traits they influence. For simplicity, QTL intervals for a single trait class that
overlapped along a LG were combined, and are denoted with asterisks (*).

Figure 6. Allele effects on fin ray (FR) number in the F2 population on LG20 (A)
and LG8 (B). For both QTL the LF allele increases FR number and is dominant to
the TRC allele.
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Figure 7. Plots showing LOD scores overlaid on the FST dataset for fin ray number
QTL on LG20 (A) and LG8 (B). QTL confidence intervals are shaded gray. Closed
blue dots represent estimated FST values. Open black squares represent calculated
LOD scores. Blue dotted lines indicate the genome-wide significance value for FST
divergence between cichlid genera (as determined by Mims et al. 2010). Loci with
FST values above these lines indicate loci that are significantly divergent between
natural populations of LF and TRC. A full list of SNPs with outlier FST values are
given in Table 1. SNPs associated with wnt7aa and col1a1 are labeled.

61

Figure 8. Pectoral fin development in LF and MZ. Pectoral fins dissected from MZ
have been stained for bone (red) and cartilage (blue) at (A) 9 dpf, (B) 11 dpf, and
(C) 26 dpf. Fin ray elements are added in a dorsal to ventral pattern. Arrows and
labels in (A, B, & C) indicate the ventral-most fin ray in these animals. Scale bars in
(A, B, & C) equal 500μm. (D-O) Dissected pectoral fins from whole-mount in situ
hybridization embryos. At 6 dpf col1a1 is expressed in all three species as a
continuous strip along the leading edge of the pectoral fin (F, J, N), but is
concentrated into a series of discrete nodes by 8 dpf (G, K, O). These nodes extend
proximally toward the base of the fin, and appear in a largely dorsal to ventral
sequence. Note that in 8 dpf animals these nodes are not apparent in the ventral fin
tissue (e.g., bracket in G). In LF, expression of wnt7aa proceeds in a largely similar
dorsal to ventral sequence (D, E), with nodes of expression appearing in dorsal fin
tissue by 6 dpf (D) and extending ventrally (E). Also similar to col1a1 expression,
newly forming nodes of wnt7aa expression, which demark the developing fin ray
elements, appear to arise from broader swaths of expression (e.g., bracket in E).
Wnt7aa expression is conspicuously absent in the developing pectoral fins in both
MZ and TRC (H, I, L, M). Scale bars in (D-O) equal 200μm.
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Figure 9. Lef1 expression in MZ pectoral fins at A) 6dpf and B) 8dpf. Scale bars
equal 200 µm.

Figure 10. Representative results from the Wnt modulation experiment. Cleared
and stained and flat-mounted pectoral fin skeletons are shown for 11 dpf MZ. (A)
An untreated control fin exhibiting 12 fin ray elements. This group exhibited
between 11-14 fin rays (A’). DMSO carrier control animals exhibited between 11-13
fin rays (C, C’). Expanded Wnt signaling (‘++’) during fin development via LiCl
treatment led to the development of 12-16 fin rays (B, B’), whereas reduced Wnt
signaling (‘--’) via IWR treatment led to the development of 8-13 fin rays (D, D’).
Scale bars equal 500μm.
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Figure 11. Lef1 expression in treated MZ embryos (A, B, C) and pectoral fins (A’,
B’, C’). Scale bars in (A, B, C) equal 1 mm. Scale bars in (A’, B’, C’) equal 200 µm.
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Figure 12. Developmental model showing the overlay of collagen and Wnt pathway
activity at three stages of fin development in pectoral fins with reduced (A) and
expanded (B) fin ray (FR) numbers. An overall dorsal to ventral mode of expression
is noted. At 5 dpf col1a1 expression is limited to a narrow strip along the distal edge
of the developing pectoral fin in all species. By 6 dpf, col1a1 expression has
thickened, and there is evidence of Wnt pathway expression in the dorsal domain of
the pectoral fins. In species with reduced FR numbers (e.g., TRC & MZ), lef1 is
expressed in discrete nodes that foreshadow FR development (A, middle). By 8 dpf
nodes of both col1a1 and lef1 extend ventrally in the pectoral fins (A, right). In
species with expanded FR numbers (e.g., LF), development appears to be
accelerated (i.e., more nodes of expression at comparable stages), and wnt7aa is
expressed in a similar pattern as lef1, suggesting the recruitment of an additional
Wnt ligand during pectoral fin development (B, middle and right).
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Figure 13. Morphological changes across diet treatments in hybrid cichlids across
all traits. A) Deformation grids for each trait in extreme benthic individuals B)
Deformation grids for each trait in extreme pelagic individuals.
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Figure 14. Results of the cluster analyses based on A) shape traits and B) LOD
scores. Red arrows indicate interactions between statistically-significant modules;
black arrows indicate interactions between traits within a single module.
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Figure 15. Schematic showing the distribution of various QTL across the cichlid
genome. Each LG is laid out along the x-axis, with positions along that LG shown
on the y-axis. Markers used for the QTL map construction are indicated as black
bars along the LG. Colored bars correspond to significant QTL intervals, colorcoded to represent the anatomical unit.
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Figure 16. A) Schematic of the experimental design. B) µCT of a representative
cichlid highlighting the bones that were analyzed, including the premaxilla (yellow),
maxilla (teal), mandible (pink), interopercle (blue), and opercle (black). Asterisks
indicate the locations of bone deposition measurements. C) µCT of a zebrafish
highlighting the bones that were analyzed, including the maxilla (teal), interopercle
(blue), and opercle (black). Asterisks indicate the locations of bone deposition
measurements.
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Figure 17. A) µCT scan of a cichlid highlighting the interopercle, including the
region from which measurements were taken. B-E) Representative individuals
showing bone deposition during the experiment in B) TRC benthic C) TRC pelagic
D) MZ benthic and E) MZ pelagic individuals. These fish are approximately sizematched. Gray bars indicate the measurement of bone deposition over the course of
the experiment. F) Reaction norms showing the strength and direction of plasticity
in our three focal species.
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Figure 18. Relative expression of ptch1 in two species of cichlids: A) MZ and B)
TRC, showing differential expression of ptch1 across diet treatments. This trend is
significant in MZ (p = .045) and approaching significance in TRC (p = .11).
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Figure 19. A) µCT scan of a zebrafish highlighting the interopercle, including the
region from which measurements were taken. B-E) Representative individuals
showing bone deposition during the experiment in B) WT benthic C) WT pelagic D)
Hh++ benthic and E) Hh++ pelagic individuals. These fish are approximately sizematched. Gray bars indicate the measurement of bone deposition over the course of
the experiment. F) Reaction norms showing the strength and direction of plasticity
in our three genotypes.
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